P Pu ur rp po os se e: : The ryanodine contracture test (RCT) using the plant alkaloid ryanodine as the triggering agent has been proposed to reduce equivocal results of the in vitro caffeine-halothane-contracture test (IVCT), which is the accepted and standardized procedure to diagnose malignant hyperthermia (MH). However, the response of skeletal muscle of non-MH affected patients (controls) to ryanodine has not yet been characterized.
M Me et th ho od ds s: : Skeletal muscle biopsies were studied in 33 controls and in six patients with a history of fulminant MH. Following the IVCT, the RCT was performed in all specimens using ryanodine 1 µM. Onset time of contracture and time to reach a contracture level of 10 mN above lowest resting tension and above predrug tension were calculated.
R Re es su ul lt ts s: : With the standard IVCT, all controls were labelled MH non-susceptible; all clinically diagnosed MH patients were labelled MH susceptible. With ryanodine, control muscle differed from MH susceptible muscle regarding onset time of contracture (26 vs 3.8 min, P < 0.05) and time to reach a contracture of 10 mN ( 49 vs 12.5 min, P < 0.05; all median). Tissue viability and patient's age significantly influenced contracture times.
C Co on nc cl lu us si io on ns s: : Despite the highly specific binding of ryanodine at the myocytic sarcoplasmic reticulum, the wide range of contracture times of the controls points toward heterogeneity of ryanodine receptors within physiologic limits. This may also be caused in part by tissue viability and the patients' age. The ryanodine contracture test performed in addition to the IVCT may add clarity into diagnosing a patient as MH-susceptible or not. [1] [2] [3] Ryanodine, a plant alkaloid, causes time-and doserelated contractures of human skeletal muscle. It binds with high affinity to the ryanodine receptor protein (RYR1), a calcium channel at the sarcoplasmic reticulum. 4, 5 While micro molar concentrations induce a prolonged opening of the calcium channel, higher concentrations close this channel. Several different mutations in the gene encoding the ryanodine receptor on chromosome 19q13.1 were described in 20 to 40% of families with a disposition to MH. These mutations were found to alter the structure of the ryanodine receptor suggesting the RYR1 as the probable site of the MH causing defect. [6] [7] [8] [9] Ryanodine induces contractures in MHS earlier than in non-susceptible (MHN) muscle. Hence, an in vitro contracture test using ryanodine as the pharmacological trigger (RCT) has been proposed to supplement the IVCT and thereby improve specificity and reduce equivocal results. [10] [11] [12] In an earlier study by our laboratory, primary results of the RCT in 24 healthy individuals have been compared to the range of contractures induced in skeletal muscle of five patients having survived a fulminant MH episode and the general usefulness of this test was demonstrated. 13 However, potential patient-or testing procedurerelated influences on the RCT have so far not been investigated, which is a prerequisite for the implementation of a new diagnostic test.
Objectif : Le test de contracture à la ryanodine (TCR), qui utilise un alcaloïde de la ryania comme agent déclencheur, a été proposé pour réduire les résultats équivoques du test de contracture in vitro à la caféine-halothane (TIVC), lequel est accepté et normalisé pour le diagnostic de l'hyperthermie maligne (HM). Cependant, la réaction des muscles squelettiques des patients non affectés d'HM (témoins

M Me et th ho od ds s
In vitro contracture testing for MHS was performed in 39 patients using the IVCT and the RCT.
Control group
With approval of the Institutional Review Board and with informed consent, a muscle biopsy of the vastus lateralis muscle was performed in 33 patients undergoing elective hip surgery. Patients with any personal or family history or evidence of a neuromuscular disease, patients who could not walk at least 100 m unaided, patients with elevated creatine kinase levels or those receiving calcium channel blocking agents were excluded. After premedication with midazolam 7.5 mg po before surgery, all patients received lumbar intrathecal anesthesia at L3-4 using 24 G Sprotte intraspinal needles and hyperbaric mepivacaine 120 to 160 mg. Following skin incision and exposure of the fascia, a 2.5 × 2 × 0.5 cm biopsy of the vastus lateralis muscle was obtained for in vitro MH testing.
MHS patients
Diagnostic in vitro contracture testing was performed in six patients, who were referred to our laboratory because of a clinical episode of MH in their medical history. MH clinical grading scale in these patients showed a score of > 50 making a diagnosis of MH highly reliable.
14 A biopsy of the vastus lateralis muscle of 2.5 × 2 × 0.5 cm was performed under regional anesthesia with a femoral nerve block using mepivacaine 7 mg·kg -1 body weight. The biopsy specimens were treated as described below.
In vitro contracture testing
After removal of connective tissue, muscle biopsies were divided into single muscle bundles measuring 15 to 20 mm in length and 2 to 3 mm in diameter. Four muscle bundles per patient were tested with the IVCT according to the European protocol and diagnosis of MHS or MHN was established.
2,3
Ryanodine contracture test The RCT was performed on fresh muscle bundles. Length and wet weight of each bundle was determined. Then, muscle bundles were fixed with one end statically in the testing chamber, which was continuously perfused with Krebs-Ringer solution (4 mL·min -1 , 37°C) and carboxygenated with 95% O 2 /5% CO 2 . The other end of the muscle bundle was tied to an isometric force transducer (Lectromed Type 4150, Letchworth, UK). The specimens were then mounted vertically and stimulated with a supramaximal electrical square wave stimulus at 0.2 sec -1 and 1 msec duration (Hugo-Sachs-Elektronik, Type 215/I, March-Hugstetten, Germany). The force transducer signal was amplified and recorded continuously on a plotter (Rikadenki Model R-64, Freiburg, Germany) reflecting resting tension and twitch amplitude.
Each muscle bundle was preloaded for a maximum twitch response and equilibrated until resting tension did not decrease more than 2 mN within ten minutes. Muscle bundles with a twitch amplitude of less than 10 mN were excluded. After equilibration the pumpcontrolled perfusion with Krebs-Ringer-solution was stopped and high-purity ryanodine (Calbiochem, La Jolla, CA, USA, stock solution 100 µM) was added (predrug, t = 0 min), achieving a concentration of 1 µM in the testing chamber. Maximum resting tension after preloading (Max), resting tension before application of ryanodine (Predrug), minimum resting tension after equilibration (Min) and twitch amplitude before administration of ryanodine (Predrug twitch) were recorded. The course of the resting tension after application of ryanodine was evaluated according to two different methods that were proposed (Figure) : regarding method 1, graphically determined measurement points were: time from addition of ryanodine to onset of contracture (OT) and time to reach a contracture of 10 mN above minimum resting tension (10T) as well as the interval between OT and 10 T ()T = 10T -OT); regarding method 2: time from addition of ryanodine to onset of contracture above predrug resting tension (OTp), time to reach a contracture of 10 mN above predrug resting tension (10Tp) and the interval between OTp and 10Tp ()Tp = 10Tp -OTp). Each test was terminated when 10Tp was reached or testing time had exceeded 99 min. In muscle bundles that did not achieve a contracture of 10 mN within 99 min, 10T and 10Tp were set 100 min for statistical purposes. A second RCT was performed, if further and viable (twitch amplitude > 10 mN) muscle bundles were available.
Statistics
Results are presented as medians and ranges. The test of Kolmogorov-Smirnov with Lilliefort's correction was used to test data for normality of the estimated underlying population. The parametric paired t test was used to identify differences. The parametric Pearson's product-moment relation and the non-parametric Spearman's rank correlation were used to measure the strength of association between pairs of variables. P < 0.05 was considered to be statistically significant.
R Re es su ul lt ts s
Control group
Thirty-three patients, 20 female and 13 male, with a mean age of 55 ± 13.2 yr were studied. Diagnosis of MHN was confirmed by the IVCT according to the criteria of the European protocol. The RCT was performed in all patients. In 15 patients a second RCT could be performed due to a sufficient amount of muscle tissue. Muscle bundles used for the RCT and IVCT did not differ regarding length, weight and preload resting tension (Table I) .
Ryanodine-induced contractures evolved at a median of 26 min (OT) with a shallow slope and reached a contracture of 10 mN at a median of 48.9 min (10T) and a )T of 20.8 min (Table II) . Test results of the first and second RCT did not differ significantly. Viability of the muscle bundles, quantified by predrug twitch amplitude influenced OT (r 2 = 0.45; P < 0.05) and OTp (r 2 = 0.44; P < 0.05) as well as 10T (r 2 = 0.67; P < 0.001) and 10Tp (r 2 = 0.59; P < 0.001) significantly. There was no correlation between age or gender and predrug twitch amplitude. The patients' age showed a significant correlation to onset times OT (r 2 = 0.49; P < 0.001) and OTp (r 2 = 0.49; P < 0.001) as well as contracture times 10T (r 2 = 0.57; P < 0.001) and 10Tp (r 2 = 0.51; P < 0.001).
MHS patients
Six patients, two female and four male, who had survived fulminant MH episodes were investigated by the IVCT and RCT as described above. Mean age was 31 Table II) . No correlation between predrug twitch amplitude and contracture times OT, OTp 10T, 10Tp, )T or )Tp or patients' age were found. There was no overlap of individual contracture data for the onset times OT and OTp as well as for the contracture times 10T and 10Tp between healthy controls and MH patients, while the range of )T overlapped slightly. D Di is sc cu us ss si io on n The Gold standard for the diagnosis of MHS is the IVCT with caffeine and halothane. The standardized investigational protocol for the IVCT in Europe, the European protocol, is internationally accepted and diagnostic criteria (i.e., thresholds) are established and validated. 2, 3 However, the MH diagnostic procedure according to the European protocol produces a group of 10 to 15% of patients who cannot conclusively be diagnosed as either MHS or MHN. 3 Ryanodine binds equimolarly to the sarcoplasmic calcium release channel, the so called ryanodine receptor, and was therefore considered to be a more specific triggering agent than halothane or caffeine. 10 Both of the latter two agents have other sites of action, e.g., inhibition of the sarcoplasmic Ca-ATPase and phosphodiesterase, respectively. 15 Ryanodine, devoid of these secondary effects, was proposed as a favourable substance to diagnose MHS by a contracture test and thus to reduce equivocal results (MHE) of the IVCT. [10] [11] [12] 16 Published data comparing results of MHS, MHE and MHN patients support this contention. 13 Since the definition, validation and reproducibility of diagnostic thresholds as well as the identification of patient and testing procedure associated influences is of paramount importance for a diagnostic test, we investigated skeletal muscle of patients with no personal or family history of any neuromuscular disease or anesthesia complication. The diagnosis of MHN was confirmed in all control patients. The prevalence of MHS in a normal population is estimated to be 1:10,000 to 1:20,000. Therefore it is highly unlikely that a patient susceptible to MH was not detected by the described method and thus influenced the results presented. Consequently, the contracture data shown in Table II represent the response of healthy human muscle exposed to ryanodine 1.0 µM in this testing procedure to which values of MHS patients can be compared.
We investigated six patients by the RCT, who had survived a fulminant episode of MH. The inclusion was based on their individual score on the MH clinical grading scale. This scale is the only instrument available at present to confirm a true MH episode with a high likelihood.
14 Contracture data of skeletal muscle derived from these MH patients did not overlap with controls regarding the contracture times OT, OTp, 10T and 10Tp (Table II) .
Regarding the validation process of the ryanodine contracture test, MHN patients, who are referred for MH-testing because of clinical symptoms of MH, have a genetic linkage to MHS patients, or present with other neuromuscular abnormalities and cannot serve as controls. The MH unrelated patients investigated here did not meet any of those exclusion criteria. Therefore these data allow the definition of normal values for the RCT, at least for our laboratory. However, the contracture data regarding the variables OT, 10T, OTp and 10Tp are comparable with published data from MHN patients. 11, 12 We investigated the possible influence of methodological factors such as pre-testing viability of the muscle bundles, patients' sex and age on the RCT. Viability of the tested muscle bundles was ensured by applying the viability criterion of the European protocol, i.e., a minimum predrug twitch amplitude of 10 mN. Still, this variable significantly influenced the onset times OT and OTp, as well as the contracture times 10T and 10Tp. While these contracture times showed good reproducibility by repeated testing, the contracture times )T and )Tp did not. Additionally, the ranges of the latter two variables were quite large, overlapped between groups and are therefore of little value for diagnostic purposes.
We found a statistically significant inverse correlation between age and all contracture times, i.e., muscle bundles of older patients showed shorter onset times OT and OTp as well as contracture times 10T and 10Tp, suggesting that, at least for the ryanodine contracture test, different diagnostic thresholds for different age groups should be considered. A possible influence of age was reported in young pigs at the age of five weeks, where contracture response to halothane/succinylcholine in vivo was delayed, whereas contracture response under halothane in vitro was absent. 17 Four cases of children aged six to 11 presenting clinical signs strongly suggestive of an MH episode, but with negative contracture tests according to the North American Malignant Hyperthermia Registry standards, were reported. 18 This may point toward a neglected influence of age on the results of the IVCT. Since the age range in our control group limits interpretation, the correlation between contracture and age remains to be elucidated.
MH laboratories have reported overlaps between the results for contracture between the IVCT and the RCT regarding the diagnosis of MHN and MHS. 19 There are several possible reasons for these overlapping results between laboratories: first, results of the IVCT with halothane and caffeine might have been incorrect due to methodological differences. This is fairly unlikely because of the international agreement regarding performance and interpretation of the IVCT. Second, values of the RCT were different due to differences in performance of the test. In the first multicentre analysis of ryanodine contracture testing results including 11 European centres, the authors described significant variability in ryanodine responses between several centres, obviously due to different techniques. 19 Therefore, this new test requires standardization of the methodology and performance comparable to that of the IVCT. This inter-centre variability in ryanodine response, however, might also be influenced by different MH-associated ryanodine receptor gene mutations. 20, 21 In conclusion, the contracture times with ryanodine 1.0 µM in MHS and in MHN muscle are different and do not overlap. However, the wide range of contracture times within the control group points toward a possible variety of functionally different ryanodine receptors. A good intraindividual reproducibility confirms the reliability of the test within our laboratory, whereas a multicentre study revealed a high inter-centre variability. Standardization of methodology and diagnostic criteria may help to overcome this problem. Performing the ryanodine contracture test in addition to the halothane/caffeine contracture test may add more clarity into diagnosing a patient as MHS or not.
